ABSTRACT
W
hite matter fiber tractography is used clinically to visualize functionally important WM tracts and aid neurosurgeons during presurgical planning. 1, 2 Tractography is also an important research tool for studying structural connectivity because tractography is currently the only noninvasive technique for in vivo mapping of anatomic neural connections in the human brain. 3 However, tractography relies on fiber bundle orientation estimates derived from particular DWI techniques, which may have inherent methodologic limitations, potentially resulting in clinically misleading information. 4, 5 Of the several proposed DWI methods for estimating the orientation of WM fiber bundles, a common approach uses the diffusion orientation distribution function (dODF), which quantifies the relative degree of diffusion mobility along a given direction from physical properties of water diffusion. [6] [7] [8] [9] Diffusion of water is assumed to be least restricted parallel to the orientation of WM fiber bundles, resulting in local maxima of the dODF. The dODF may be defined by
where n is a normalized orientation vector, r is a radial displacement magnitude, P(rn, t) is the diffusion displacement probability distribution function (dPDF) for diffusion displacement rn over a diffusion time t, ␣ is a constant radial weighting power, and Z is a normalization constant. Several distinct techniques exist for reconstructing the dODF from DWI data, which differ in their theoretic assumptions and optimal experimental implementation. These include DTI, which assumes that the diffusion of water can be completely described by Gaussian (normal) diffusion [10] [11] [12] ; diffusional kurtosis imaging (DKI), which extends the DTI model to account for non-Gaussian diffusion effects [13] [14] [15] [16] ; Q-ball imaging, which applies the Funk transform to DWI data from high-angular-resolution diffusionweighted imaging 6, 7 ; and diffusion spectrum imaging (DSI). 8, 9 In contrast to other methods, DSI quantifies the dODF by using an exact (in the narrow gradient pulse limit) Fourier transform relationship between the DWI signal and the dPDF. To accomplish this requires a dense sampling of q-space with relatively high maximum b-values. Thus, DSI effectively characterizes complex intravoxel microarchitecture without the need for intricate tissue models or ancillary approximations, though it tends to have more demanding data-acquisition requirements than alternative methods. Due to its rigorous mathematic formulation and comprehensive description of intravoxel diffusion dynamics, DSI may be considered a reference standard for validating other dODF techniques for in vivo experiments. 17 Nonetheless, even the exact dODF may not give the precise orientation of WM fiber bundles, reflecting the complex and subtle relationship between diffusion and microstructure.
The DTI dODF has the same information as the diffusion tensor ellipsoid, and the global maximum of the DTI dODF gives the direction identical to the principal eigenvector of the diffusion tensor. 7, 16 Although efficient in terms of image-acquisition time, DTI is not capable of directly resolving intravoxel fiber crossings, [10] [11] [12] which can lead to increased errors in orientation estimates from regions with complex tissue architecture. 5, 18 The motivation for considering the kurtosis dODF is 2-fold. First, there have been a considerable number of prior studies using DKI to investigate neuropathology, including stroke, [19] [20] [21] [22] [23] Alzheimer disease, 24-28 cancer, 29-31 and numerous others. 32 Therefore, a tractography method that is compatible with DKI can be of value. Second, DKI shares some of the practical advantages of DTI that make it particularly attractive for clinical settings, such as small maximum b-values and protocol options with relatively short scan times. 14, 21, 33 For example, in clinical settings, a wholebrain DKI dataset with good image quality may be acquired in approximately 7 minutes, 21 and respectable whole-brain DKI tractography has been demonstrated with acquisition times as short as 5.3 minutes. 33 Moreover, DKI inherently provides measures of the diffusion and kurtosis tensors as well as all the corresponding tensor-derived quantitative measures (eg, mean diffusivity and mean kurtosis), which are of interest for characterizing tissue microstructure.
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In this study, dODFs derived from DSI, DKI, and DTI by using in vivo human measurements are directly compared, particularly with regard to their estimates of fiber bundle orientation. The errors intrinsic to the dODF orientations from DTI and DKI are calculated using the DSI orientations as benchmarks. In addition, the intrasubject variabilities of dODF orientation estimates are calculated across independent sessions for all 3 methods. A primary goal of this study is to assess the degree to which the DKI dODF approximates the DSI dODF and improves the DTI dODF. Tractography results are also compared qualitatively for the 3 dODF reconstruction techniques.
MATERIALS AND METHODS
The study was approved by the institutional review board at the National Health Research Institutes (Taiwan), and informed consent was obtained from all participants before enrollment in the study. Experiments were performed on 3 healthy volunteers on a 3T MR imaging system (Tim Trio; Siemens, Erlangen, Germany); and for each participant, 2 full DSI and DKI datasets were obtained, with the DTI dataset being taken as a subset of the DKI dataset. Angular variabilities in the orientation estimates were quantified as the absolute, voxelwise angular difference for each reconstruction between repeat scans, and for DKI and DTI, angular errors were quantified as the absolute, voxelwise angular differences from the corresponding DSI scan. For each subject, T1-weighted magnetization-prepared rapid acquisition of gradient echo images were also acquired for anatomic reference. The experimental design is illustrated in Fig 1, and the angular variability and error measures are illustrated in Fig 2. A detailed description of our image-acquisition protocol and image-analysis steps is given in the On-line Appendix.
The angular error estimates, as quantified in this study, include contributions from both random and systematic errors. Random error may result from thermal noise, incomplete q-space sampling distributions, and physiologic effects such as pulsatile flow and bulk subject motion, while systematic errors arise from the approximations inherent to the DTI and DKI dODFs. Although it is difficult to rigorously isolate the random and systematic components of the angular error, a rough index of systematic error is given by the difference between the angular error and angular variability for a given reconstruction because the angular variability is a measure of random error. We used this heuristic approach as a practical means of comparing systematic errors for the DTI and DKI dODFs.
Fiber-tracking results were assessed qualitatively by looking at the reconstructed tracts in specific regions with complex fiber bundle geometries and over the whole brain (On-line Video). To aid the qualitative assessment, a color-encoding scheme was used, in which each individual tract was colored by its overall displacement from the starting point to the ending point of the tract, with red indicating a left-right displacement, blue indicating an inferior-superior displacement, and green indicating an anteroposterior displacement. Similar colors represent similar overall trajec-tories, whereas differing colors indicate tracts following different overall trajectories.
RESULTS
Summary statistics for each subject and ROI are given in the Online Table. DTI has the lowest angular variability in both the inclusive and conservative WM ROIs as well as the single fiber bundle ROI, while DSI has the lowest angular variability in both the 2 and Ն3 crossing-fibers ROIs. Conversely, DKI has the highest angular variability in all ROIs, with the exception of the Ն3 crossing-fibers ROI, where DTI has the highest angular variability. However, the angular variabilities for all reconstructions are comparable within each of the ROIs, differing by, at most, 2.1°in the single fiber bundle ROI (Online Table, "Single-fiber ROI"). On Experimental design illustrated with sample images from a single subject. For each subject, 2 separate scans are obtained, which include independent DSI and DKI acquisitions optimized for the respective reconstructions. The DTI reconstruction is calculated from a subset of the DKI acquisition and is fully independent of the DSI scan but not the DKI scan. Angular variability is calculated between scans (blue arrows), and angular error is calculated for DKI and DTI in reference to the corresponding DSI scan (red arrows). Units for the b-value are second/square millimeter, and the signal intensity ranges for each image are given by the corresponding color bar (in arbitrary units). DWIs from the highest b-value for each acquisition are given to illustrate the range of diffusion-weighting applied.
FIG 2.
Polar 2D dODF cross-section plots illustrate angular variability and angular error measures. Row A illustrates dODFs taken from a single voxel in the corpus callosum where 1 predominant fiber bundle orientation is expected, and row B illustrates dODFs taken from a single voxel where multiple fiber bundles are expected to occur between cortical projections from the corpus callosum and the ascending and descending fiber bundles in the corona radiata. The "Voxel Location" tab illustrates the location of the voxels overlaid on the corresponding section from the MPRAGE image and the FA color map for anatomic reference; the "Angular Variability" tab illustrates angular variability measures, which are taken between scans for each reconstruction; and the "Angular Error" tab illustrates the angular error measures, which are taken relative to the corresponding DSI dODF for each scan. The section plane for the polar plots is rotated to contain the first and second largest orientations of the DSI dODF, because DSI is used as a reference. For visualization, each dODF is scaled to a maximum value of 1. the other hand, DKI consistently improves angular error compared with DTI in all ROIs. Moreover, the DKI systematic errors are all substantially smaller than the DTI systematic errors, consistent with a higher degree of accuracy for the DKI dODFs.
For the ROIs tested, dODF performance measures are influenced by the fractional anisotropy (FA) value, with the smaller angular variability and angular error for regions with higher FA. Conversely, the occurrence of crossing fibers increased angular variability and angular error in dODF-derived orientation estimates. However, the accuracy of the DKI dODF is less affected than the DTI-derived dODF in crossing-fiber regions. Properties of the dODF reconstructions are explored further in On-line Figs 1 and 2.
Mean normalized parameter maps are given in Fig 3 to illustrate the group-wise performance of the dODF reconstructions. All 3 of the reconstruction techniques demonstrate similar angular variability throughout the WM, but DTI shows improvement in angular variability in regions with high FA (eg, note the corpus callosum and corticospinal tracts in rows 2 and 3, which show high FA contrast). The DKI angular error estimates are relatively consistent throughout the WM, whereas the DTI angular error estimates show distinct WM regions where the angular error deteriorates. When one compares these regions with the normalized FA color maps, it is likely that these regions represent voxels with more complex fiber bundle geometries owing to influences from multiple fiber bundle orientations within a voxel (eg, note the intersecting regions between the corpus callosum and corona radiata, which are apparent in rows 1 and 3).
Exemplary tractography results are given in Fig 4. A crosssectional view of the fiber tracts has been selected to highlight the effects of interactions that occur in regions with complex tissue architecture. This particular section contains noticeable influences from the corpus callosum, which is mainly along the leftright orientation, and the corticospinal tracts (among others), which are mainly along the inferosuperior orientation. This section also shows effects from the superior longitudinal fasciculus and the cingulum bundle, which are mainly oriented along the anteroposterior direction. In the tractography panels for DSI and DKI, the corpus callosum can be seen crossing through the corona radiata as it passes from one hemisphere to the next. However, these trajectories are obscured by the DTI dODFs, with the corpus callosum tracts either being prematurely truncated or swept into the corticospinal tracts. It can also be seen from these images that the DSI dODF approximation is more sensitive at detecting multiple peaks (note the extent of the superior longitudinal fasciculus fibers indicated by the white arrows and the predominance of green lobes in the respective 3D dODF renderings). DTI is not capable of directly resolving crossing fibers; this scenario markedly affects tractography through complex regions such as those 
DISCUSSION
In this study, we have used DSI as a reference standard to assess the angular error in orientation estimates from DKI and DTI and quantified the intrasubject angular variability of WM fiber bundle orientation estimates from DTI, DKI, and DSI. We have focused primarily on comparing the estimated fiber orientations that the dODFs identify, because these are the inputs needed for constructing tractography. However, these are only approximations for the true fiber orientations, which are, in general, not known, even if the dODF is measured exactly.
A primary motivation for this study is to help assess the potential of DKI tractography for data obtained with clinical MR imaging scanners. By estimating both the diffusion and kurtosis tensors, DKI more fully characterizes diffusion in complex neural tissue than conventional DTI; this feature, theoretically, should improve tractography. Our experimental results support this proposition because both the angular and systematic errors are markedly lower for DKI (On-line Table and Fig 3) . Moreover, tractography generated with DKI is qualitatively much more similar to that obtained with DSI than is DTI tractography (Fig 4 and On-line Video). Given that DKI, in comparison with DTI, also provides several additional diffusion measures (eg, mean kurtosis) that are sensitive to neuropathologic changes associated with a variety of diseases, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] there are potentially compelling advantages to DKI vis-à-vis DTI.
Overall, the angular variability estimates are comparable for all 3 reconstructions in all ROIs, differing by, at most, 2.1°in the single-fiber ROI (Online Table, "Single-fiber ROI"). However, DKI tends to have increased angular variability compared with both DTI and DSI in all ROIs except for the ROI with Ն3 crossing-fiber bundles. Although the precise origin of the increased angular variability of DKI is unclear, this could result from a trade-off between estimation error from incomplete q-space sampling distributions and subject motion. DTI, for example, requires the shortest acquisition time, which may result in the lowest contributions of subject motion to angular variability. DSI, on the other hand, uses a large number of diffusion-encoding vectors to characterize diffusion dynamics, which could have lower angular variability from the dODF reconstruction but an increased likelihood of subject motion. DKI is also known to be sensitive to reconstruction artifacts resulting from Gibbs ringing 35, 36 and noise bias, 37 though these are also expected to affect DSI. To acquire high-quality, whole-brain DSI and DKI datasets for evaluation, we optimized our protocol for high SNR rather than a short acquisition time. Consequently, the total scan time used in this study was relatively long compared with typical clinical protocols. To improve scan efficiency, one or more of several different strategies may be used. For example, there has been a successful effort to reduce the q-space sampling burden of DSI, including decreasing the q-space sampling density by sampling fewer points, 38,39 sampling only one-half of the q-space by assuming symmetry of the q-space data, 40,41 or sampling only a quarter of the q-space by using compressed sensing. 42 The acquisition time can also be reduced with simultaneous multisection EPI, [43] [44] [45] [46] [47] while stronger diffusion-encoding gradients can be used to reduce the TE to improve the SNR. 47 Although DSI may show the largest improvement in acquisition time, these considerations are generally applicable to DKI as well. There may be an increase in the angular error and variability if SNR is reduced, as may occur with accelerated acquisition schemes, 45 or if sparse q-space sampling schemes are used. 40 Nevertheless, DKI may be presumed to have shorter typical scan times than DSI because DKI requires only the second and fourth cumulants of the dPDF, 48 while DSI uses the full dPDF with the inherent greater data-acquisition burden. A Column A shows a coronal crosssection through the fiber tracts identified with DSI, DKI, and DTI, respectively, overlaid on the corresponding section from the MPRAGE image for anatomic reference. The color encoding is used to represent the overall displacement of the end points of each tract with 1 color being applied per tract, where red represents an overall left-right orientation, blue represents an overall inferior-superior orientation, and green represents an overall anterior-posterior orientation. DSI is the most sensitive technique for detecting fibers (white arrows); however, DSI and DKI are fairly similar in both the color, which illustrates the overall trajectory, and distribution of fibers identified. Column B shows selected dODFs with the same coloring scheme as the fibers in column A, overlaid on the corresponding FA image from the DTI scan. The region shown in column B is demarcated by the white box in the corresponding images in column A. DTI fibers are conspicuously affected in this region because the dODFs cannot detect crossing fibers; this feature causes fibers to prematurely terminate or meld anatomically distinct tracts. This cross-section was chosen to demonstrate interactions that occur among the corpus callosum, corona radiata, superior longitudinal fasciculus, and cingulum bundle and their effect on dODFs and subsequent tractography.
valuable follow-up study would be to quantitatively investigate the differences in the orientation estimates by using protocols with acquisition times that are more suitable for routine clinical scanning. A variety of alternative techniques can resolve the orientations of crossing-fiber bundles for tractography. Compared with several other dODF reconstructions, the kurtosis dODF has been shown to have a comparable or improved resolving power 49 ;
however, numeric simulations indicate that the kurtosis dODF may sometimes have a greater angular error than other dODFs for larger fiber-crossing angles. 16, 49 Fiber bundle orientations can also be estimated from directional diffusional kurtosis estimates provided by DKI without estimating the dODF directly, 50 or the white matter fiber bundles may be modeled mathematically and used to estimate a model-dependent fiber orientation distribution function-for example, by using fiber ball imaging 51 or constrained spherical deconvolution. 52, 53 Because none of these techniques are directly analogous to the dODF, they were not included in the present study. In addition, model-based approaches make detailed assumptions about the relationship between WM and the DWI signal that have yet to be fully validated. Nevertheless, the directional diffusional kurtosis approach has been shown to increase fiber detection through the corpus callosum, 50 and constrained spherical deconvolution can be highly sensitive to crossing fibers. 18, 54 To summarize, in this study we acquired, from 3 healthy volunteers, a unique dataset with 6 full DSI and DKI acquisitions, to quantify dODF performance measures from DTI, DKI, and DSI. In general, DKI substantially decreases the error of dODF orientation estimates relative to DTI. Moreover, DKI enables the detection of crossing fibers, which results in pronounced improvement relative to DTI for tractography throughout regions with complex fiber bundle geometries. 15, 16, 33, 36 Indeed, our results indicate that the tractography obtained with DKI is qualitatively quite comparable with that for DSI, despite DKI sampling a much smaller portion of q-space. With enhanced tractography relative to DTI and shorter typical scan times than DSI, DKI-based tractography is potentially advantageous, particularly in clinical settings where time considerations are crucial. However, further study will be needed to more fully investigate the comparative utility of DKI-based tractography.
CONCLUSIONS
The higher order information provided by the kurtosis tensor enables DKI to directly resolve crossing fibers and improves the accuracy of DKI relative to DTI for tractography. Both DKI and DTI are capable of mapping the single predominant fiber bundle orientation, but the angular error of DTI deteriorates in regions with complex fiber orientations due to its theoretic limitation under the assumption of Gaussian diffusion. DSI, DKI, and DTI all have comparable angular variabilities; however, DKI has decreased angular error in the dODF fiber orientation estimates relative to DTI. Unlike DTI, DKI is thus able to generate white matter fiber tractography comparable with that of DSI, and due to its shorter typical scan time than DSI, DKI is potentially more suitable for a variety of clinical and research applications. 
